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The mosquito-borne La Crosse virus (LACV; Family Bunyaviridae) may cause encephali-
tis, primarily in children, and is distributed throughout much of the eastern United States.
No antivirals or vaccines are available for LACV, or most other mosquito-borne viruses,
and prevention generally relies on mosquito control. We sought to determine whether
coffee extracts could interfere with LACV replication and vector mosquito development.
Both regular and decaffeinated coffee demonstrated signiﬁcant reductions in LACV repli-
cation in direct antiviral assays.This activity was not due to the presence of caffeine, which
did not inhibit the virus life cycle. Aedes albopictus (Skuse; Diptera: Culicidae) mosquito
larvae suffered near total mortality when reared in high concentrations of regular and decaf-
feinated coffee and in caffeine. Following larval exposure to sublethal coffee concentrations,
adult A. albopictus mosquitoes had signiﬁcantly reduced whole-body LACV titers 5 days
post-infection, compared to larvae reared in distilled water. These results suggest that it
may be possible to both control mosquito populations and alter the vector competence of
mosquitoes for arthropod-borne viruses by introducing antiviral compounds into the larval
habitat.
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INTRODUCTION
La Crosse virus (LACV) is an arthropod-borne virus (arbovirus)
in the California serogroup of the genus Orthobunyavirus, of the
family Bunyaviridae and is distributed throughout most of the
eastern United States. The virus is maintained in nature by transo-
varial passage from an infected femalemosquito to her progeny via
the egg and through an ampliﬁcation cycle involving chipmunks
and squirrels, which produce a high viremia capable of infect-
ing other mosquitoes (Borucki et al., 2002). The natural vector is
the eastern tree hole mosquito, Ochlerotatus triseriatus (Say), but
other mosquitoes are also competent, including the following two
introduced species:Aedes albopictus (Skuse; Grimstad et al., 1989)
and Ochlerotatus japonicus (Theobald; Sardelis et al., 2002).
Human infections with LACV are common, though disease is
rare, with an average of ∼70 cases reported annually. Infection
typically presents with a generic febrile illness that may progress
to severe central nervous system involvement, including seizures,
mental impairment, coma, and death. Sequelaemay consist of per-
sistent seizures for over 10 years and learning disabilities. Death is
rare,occurring in<2%of those displaying severe symptoms (Had-
dow and Odoi, 2009). There are no vaccines or antivirals used to
treat infection with LACV andmost other arboviruses. Prevention
generally relies on avoidance of mosquito bites, either through
personal protective measures or anti-mosquito insecticides.
Mosquito control generally uses either chemical insecticides or
toxins derived from Bacillus species bacteria, although resistance
tomost control agents develops rather quickly (e.g.,Cui et al., 2006;
Paris et al., 2011). Novel mechanisms to prevent transmission of
LACV and other mosquito-borne pathogens are therefore needed
(Lambrechts et al., 2009; Luckhart et al., 2010). Environmentally
friendly products derived from plants have been proffered as one
source of mosquitocidal compounds, and many different extracts
of plants have demonstrated mosquito larvicidal activity, though
the effective concentrations vary widely among plant species and
among extraction methods (Shaalan et al., 2005; Fallatah and
Khater, 2010). Both caffeine and coffee extracts have been shown
to inhibit the development of A. aegypti (L.) larvae (Laranja et al.,
2003, 2006).
Further, plant extracts offer a potential source of antiviral
compounds, and many have shown such activity against a broad
spectrum of viruses (Jassim and Naji, 2003; Mukhtar et al., 2008).
For example, coffee extracts from various sources have been
shown to inhibit the replication of herpes simplex virus type
1 and poliovirus, and this antiviral activity did not require the
presence of caffeine (Utsunomiya et al., 2008). In subsequent
experiments, caffeine alone was shown to possess antiviral activity
(Murayama et al., 2008), as did a newly identiﬁed compound in
coffee, N -methyl-pyridinium formate (Tsujimoto et al., 2010).
In the present study,we investigatedwhether coffee extracts can
interfere with mosquito development and LACV replication.
MATERIALS AND METHODS
ANTIVIRAL ASSAYS
La Crosse virus was kindly provided by Sally Paulson (Virginia
Polytechnic Institute and State University) and was isolated from
O. triseriatus mosquitoes in southwest Virginia. Virus stocks were
generated by inoculation of conﬂuentmonolayers of African green
monkey kidney (Vero) cells, harvested from supernatants when
∼90% of the monolayer exhibited cytopathic effect, and titrated
by plaque assay in Vero cells.
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Regular (Maxwell House Dark Roast) or decaffeinated (Great
Value Classic Decaf Medium Roast) ground coffee beans were
prepared according to the package directions by extracting one
teaspoon coffee grounds with six ﬂuid ounces deionized water
(∼26.7 g coffee/L water) using a Mr. Coffee drip coffee maker.
Whole coffee extracts were then sterilized by passage through
a 0.22-μm membrane ﬁlter and serially twofold diluted in
Medium 199 (M199; Cellgro) supplemented with 5% fetal bovine
serum (FBS), amphotericin B (25μg/100mL), and gentamycin
(15μg/100mL). Direct virucidal assays were performed by incu-
bating∼105 plaque-forming units (PFUs) LACV in 800μL M199
with 200μLof each solution for 30min at room temperature. Each
dilution was then serially 10-fold diluted in M199, and 400μL of
each dilution was plated onto conﬂuent Vero monolayers in six-
well plates (BD) for 1 h at 37˚C and 5% CO2. After incubating, the
supernatant was removed by aspiration and replaced with M199
containing 0.8% gum tragacanth (MP Biomedicals) and FBS and
antibiotics as above. Following a 3-day incubation at 37˚C and 5%
CO2, the medium was poured off and the plates were stained in
1mg/mL crystal violet in 10% formalin.Virusmortality was deter-
mined by comparing plaque numbers in coffee compound treated
virus dilutions to virus incubated only in M199, which was set to
100% viability. Three independent replicates of each experiment
were performed.
We also tested whether regular coffee could interfere with virus
replication by adding undiluted coffee to Vero cells 1 or 24 h
before or after infections with LACV as described above. Coffee
was allowed to incubate on the Vero cells for 1 h at 37˚C and 5%
CO2, and was then replaced with either normal M199, with LACV
diluted to ∼103 PFUs/mL, or with M199 with gum tragacanth as
above.
LARVICIDAL ASSAYS
Mosquitoes usedwere froma colony established fromhost-seeking
A. albopictus collected in the Radford, Virginia, area, which has
been maintained for 4 years with new ﬁeld-collected adults added
seasonally. This species was used because of its ease of laboratory
colonization and because it is an efﬁcient vector for a num-
ber of arboviruses, including LACV (Grimstad et al., 1989). All
mosquito stages were maintained in an insectary held at 27˚C
and 80% relative humidity. Eggs were stimulated to hatch in
1.5 L deionized water containing ∼5mL of a slurry of bovine
liver powder (9.375 g/L) and brewer’s yeast (3.125 g/L), which
resulted in hatch within 1–2 days. Whole coffee extracts were seri-
ally twofold diluted from 1:2 to 1:8 in deionized water. Twenty-ﬁve
A. albopictus larvae, mostly L1 but a few L2, were transferred 1–
2 days post-hatching to 250-mL glass beakers containing 100mL
of each coffee dilution (50, 25, 12.5, or H2O). Larvae were fed
the bovine liver powder slurry as needed, generally∼0.5mL every
other day. Surviving larvae were counted daily until all had died
or pupated; a mosquito was considered living if it responded
to gentle prodding with a transfer pipet. Pupae were removed
from the beaker and were counted as surviving on all subsequent
days, though we did not monitor survival of pupae and adults
after their removal. Larvae reared in deionized water served as
a control. Three independent replicates of each experiment were
performed.
ADULT MOSQUITO INFECTIONS
To determine whether mosquitoes exposed to coffee during the
larval stages have an altered susceptibility to LACV infection, we
reared ∼100 A. albopictus larvae in 1 L of either deionized water
or 15% regular coffee, which induces only a moderate mortal-
ity in larvae. Mosquitoes were housed in 30 cm× 30 cm× 30 cm
cages, allowed to freely mate, and given cotton balls soaked with
10% sucrose, which was removed 24 h prior to blood feeding.
Approximately 7 days post-eclosion, adults were given a blood
meal containing 5.82 log10 PFU/mL LACV and held for 5 days
at 27˚C and 80% relative humidity. We selected the 5-day time
point because the virus is not expected to have fully disseminated
from the midgut (Paulson and Grimstad, 1989; Chandler et al.,
1998), and therefore would pose only a minimal risk of accidental
transmission. Mosquitoes that did not blood feed or only took
a partial meal were destroyed. Individual mosquitoes were then
homogenized in 50μL M199 using a plastic pestle, an additional
100μL M199 was added, and the homogenate was centrifuged
1min at 14,000× g to pellet debris. The supernatant was seri-
ally 10-fold diluted in M199, and plaque assays were performed
with 200μL of each dilution on Vero monolayers in 12-well
plates (Costar) as described above, except antibiotic levels were
increased to 125μg/100mL amphotericin B and 0.75μg/100mL
gentamycin. Whole-body LACV titers were calculated for each
mosquito.
OVIPOSITION
A small cohort of adult mosquitoes reared in 15% coffee or in
deionized water were allowed to take a non-infectious blood meal
from a human arm. Those that fed to repletion were individually
housed in 21mm× 70mm shell vials containing∼1 cmwater and
a strip of moist seed germination paper onwhich to oviposit. After
4 days, the number of eggs was counted under a dissecting micro-
scope. Individuals that did not oviposit were discarded from the
analysis.
STATISTICAL ANALYSES
All analyses were performed using JMP software (SAS Institute,
Cary,NC,USA). Signiﬁcance of antiviral assays was determined by
ANOVAwithDunnett’s test performed post hoc, comparing coffee-
exposed virus levels to the virus control which was set to 100%.
Differences in larval survival following exposure to coffee dilutions
were identiﬁed byWilcoxon comparison of Kaplan–Meier survival
curves. Individuals that pupatedwere censored at the date when all
larvae had either pupated or died.When theWilcoxon test among
groups was signiﬁcant, pairwise comparisons were made to the
control group. Mosquito infections were compared by unpaired
t -test of log-transformed whole-body titers. Egg numbers were
compared by unpaired t -test.
RESULTS
ANTIVIRAL ASSAYS
When regular Maxwell House Dark Roast coffee was incu-
bated with LACV, direct antiviral activity was evident, and
this activity was lost upon dilution (Figure 1). The coffee
extract signiﬁcantly reduced virus viability at ﬁnal concentrations
between 1.25 and 20%, but not at 0.625%. Similarly, Great Value
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FIGURE 1 | (A) Direct anti-La Crosse virus effect of regular (black bars) and
decaffeinated (white bars) coffee. (B) Lack of a direct anti-La Crosse virus
effect upon exposure to caffeine. Error bars represent the SD of three
independent replicates. a: p<0.05; b: p<0.01; c: p<0.0001. The heavy,
dashed, black line indicates the virus control, which was set to 100%.
brand decaffeinated coffee exhibited strong antiviral effect; virus
viability was signiﬁcantly reduced at concentrations of 0.625–20%
(p ≤ 0.0002), while the 0.15625% level was marginally signiﬁcant
(p = 0.0840; Figure 1A). Thus, it is likely not the caffeine that has
the antiviral activity, which was veriﬁed by the lack of virucidal
activity seen with pure caffeine (Figure 1B). No toxic effects of the
coffee on the Vero cells were noted.
Coffee extracts did not interfere with LACV replication when
added to Vero cells 24 h before (p = 0.8105, t = 0.2561) or 24 h
after (p = 0.0777, t = 2.3590) infection with LACV. When Vero
cells were exposed to coffee extracts 1 h before infection, the pro-
duction of LACV plaques was reduced by 52.5% (p = 0.0002,
t = 13.2500). Similarly, a 23.8% reduction in plaques was evi-
dent when coffee was added 1 h after LACV infection (p = 0.0200,
t = 3.7482; data not shown).
LARVICIDAL ACTIVITY
Mosquitoes reared in 25 or 50% regular coffee did not survive
to pupation, and both concentrations exhibited similar survival
curves; those reared in 12.5% coffee showed reduced mortality
(Figure 2A). All pairwise comparisons were signiﬁcantly differ-
ent at p ≤ 0.0002, with the exception of 50 vs. 25% (p = 0.1320).
Decaffeinated coffee was largely lethal at all concentrations tested,
though the 50% concentration surprisingly allowed a few mos-
quitoes to pupate while the lower concentrations killed all larvae
(Figure 2B). All pairwise comparisons were signiﬁcantly different
at p< 0.0001. In contrast to the antiviral results, caffeine showed
FIGURE 2 | Survival curves forAedes albopictus larvae exposed to
varying concentrations of regular coffee (A), decaffeinated coffee (B),
or caffeine (C). Curves followed by different letters are signiﬁcantly
different (p<0.05) byWilcoxon analysis of Kaplan–Meier survival curves.
relatively strong larvicidal action, especially at concentrations
≥1.25 g/L (Figure 2C). All pairwise comparisons were signif-
icantly different at p< 0.001, except 1.25 vs. 2.5 and 5.0 g/L
(p = 0.1739).We noted, but did not quantify here, thatmosquitoes
reared in coffee tended to pupate more quickly than water-reared
controls.
MODULATION OF VIRAL TITERS IN ADULT MOSQUITOES
We reared mosquitoes in 15% coffee extract to yield sufﬁcient
surviving individuals to infect with LACV, yet be exposed to a
relatively high concentration of coffee. These mosquitoes were
then infected with a LACV-containing blood meal, and whole-
body titers were determined after 5 days’ infection. Exposure to
coffee during the larval stages resulted in a signiﬁcant reduc-
tion in the whole-body titer of mosquitoes infected with LACV
as adults (p = 0.0090; t = 2.780). Mosquitoes reared in distilled
water (N = 17) had an average titer of 4.65 log10 PFU/mosquito,
while those reared in coffee (N = 42) had a titer of 3.07 log10
PFU/mosquito (Figure 3). Differences in body size were not
obvious, though we did not measure wing lengths to verify this.
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FIGURE 3 | Full-body La Crosse virus titers ofAedes albopictus females
reared in 15% coffee extract (diamonds) or distilled water (circles).
Solid horizontal lines indicate the mean for each group. Dashed line
represents the limit of detection. Means are signiﬁcantly different by t -test
(p =0.0090).
FIGURE 4 | Oviposition by females reared in water (N =12) or 15%
coffee (N =13). Means are signiﬁcantly different by t -test (p =0.0356).
OVIPOSITION
Females reared in 15% coffee (N = 12) laid an average of 64.2 eggs
(range 1–92), whereas those reared in water (N = 13) deposited a
mean of 37.3 eggs (range 11–113; Figure 4). This difference was
signiﬁcant (p = 0.0356; t = 2.2327).
DISCUSSION
We present here a demonstration that it is possible to modify a
mosquito’s vector competence following exposure to an antivi-
ral compound during the larval stages of its development. High
concentrations of coffee were required to demonstrate antiviral
and larvicidal activity individually and, thus, coffee extracts are
likely not suitable as part of a wide-scale larvicidal and antivi-
ral campaign unless the active components can be isolated. One
such compound, pyridinium formate, has been shown to possess
antiviral activity (Tsujimoto et al., 2010). Others may eventually
be isolated, though, as >700 chemicals have been identiﬁed in
extracts of roasted coffee beans (Spiller, 1984). Given the large
number of compounds found in coffee, it is also improbable that
the same compound is acting against both virus and larvae.
The mechanism by which coffee extracts exert their mode of
action is unclear. We did not observe cytopathic effect in the Vero
cells following the 1-h incubations with coffee extract. Hence, the
coffee must be acting directly on the virus prior to our infection
of the cell layers. In this case, the coffee could be inactivating the
virus or interfering with an early step in the virus life cycle. The
reduction in plaque numbers seen when coffee was added 1 h, but
not 24 h, before or after virus infection suggests that an early step
in the life cycle is targeted. A similar early inhibition was seen in
cells infected with herpes simplex 1 virus (a virus with a DNA
genome) following addition of coffee (Utsunomiya et al., 2008).
In these studies, decaffeinated coffee extract demonstrated a
somewhat higher larvicidal activity and antiviral activity. This
was unexpected, as previous experiments had shown similar her-
pesvirus inactivation rates using coffee extracts from broad geo-
graphic areas and between caffeinated and decaffeinated products,
though these rates were quite variable among different brands
(Utsunomiya et al., 2008). It is unlikely that the ethyl acetate
method used to decaffeinate the coffee beans contributes to the
increased larvicidal and antiviral activities, because the ethyl
acetate is thoroughly removed during the process (Ramalakshmi
andRaghavan,1999). The variation seen between these twobrands
and formulations of coffee is most probably due to the different
origins and degree of roasting of the coffee beans that may contain
different concentrations of whatever compound(s) has the antivi-
ral and/or larvicidal activity. Such variation in coffee compounds
that have antibacterial activity has been shown among different
coffee brands (Almeida et al., 2006). However, we did not attempt
to identify or quantify the speciﬁc active compounds in this study.
Mosquito control using synthetic chemicals has been very suc-
cessful, but resistance has developed to all insecticides used in
their control (Hemingway et al., 2004). Bacterial toxins, such as
those produced by Bacillus thuringiensis israelensis (Bti), have also
proven useful. Again, resistance has begun to become evident (e.g.,
Paris et al., 2011), though not to the extent seen with insecticides.
Plant extracts, such as fromcoffee, couldpotentially beused as con-
trol agents (Shaalan et al., 2005; Fallatah andKhater, 2010), though
the likelihood of these being developed seems somewhat remote
given the cost and regulatory burden associated with bringing new
products to market (Isman, 2006).
We have documented several altered traits that can inﬂuence
the vectorial capacity, or likelihood of transmission, of LACV.Vec-
torial capacity incorporates measures of vector density, feeding
preference, survival, and extrinsic incubation period (EIP), which
is the time it takes a mosquito to become infectious following
a virus-containing blood meal (Black and Moore, 2005). Lar-
val exposure to coffee extracts did not completely prevent LACV
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infection of A. albopictus, but did signiﬁcantly reduce the virus
titer in the mosquitoes. This could result in a lengthening of the
EIP, the time it takes a mosquito to become infectious. Because
the EIP interacts with the probability of daily survival exponen-
tially, a small change in the EIP can have a dramatic effect on
the likelihood of transmission (Anderson and Rico-Hesse, 2006).
We noted that females reared in coffee tended to lay more eggs
than control females, which could theoretically lead to a higher
risk of virus transmission by increasing the vector density. Other
measures implicit in determining vectorial capacity, such as cof-
fee’s inﬂuence on adult survival or fertility, remain to be assessed.
Additionally, variation in the size of the mosquito also inﬂuences
the likelihood of transmission, with smaller mosquitoes transmit-
ting at higher rates (Paulson and Hawley, 1991; Anderson et al.,
2005). This does not mean that virus titers vary, as A. albopictus
body size does not inﬂuence the whole-body titer of dengue virus
(Alto et al., 2008).
The exact nature of this resistance to infection remains to be
determined, and it is unclear whether the antiviral activity seen in
cell culture is actually occurring in live mosquitoes. Two mecha-
nisms described in the literature seempossible andwarrant further
study following identiﬁcation of the active compound(s). First,
the active antiviral component of coffee may be integrated into
the adult mosquito from the aquatic medium in which the larvae
and pupae develop. Such carry-over from larvae to adult has been
demonstrated by feeding larvae suspensions containing radioac-
tive rubidium (Wilkins et al., 2007) or zinc (Lang, 1963); these
isotopes are then detectible in emergent adults. Further, exposure
to sublethal concentrations of growth regulators during the larval
stages continues to have detrimental effects on the adults that sur-
vive exposure (Vasuki,1992; Suman et al., 2010). Thus, the antiviral
compound(s) may be carried over from larvae to adult and reduce
LACV infectivity in the mosquito. The fact that Vero cells exposed
to coffee 24 h before LACV infection do not yield a reduction in
PFUs provide evidence against this possibility, however. Second,
exposure to coffee compounds may increase expression of stress-
related genes, which may include those involved in the insect’s
innate immune system. Accordingly, A. aegypti larvae exposed
to used coffee grounds and caffeine showed altered patterns of
esterase expression compared to water-reared controls (Laranja
et al., 2003). Daphnia magna Straus exposed to the herbicide
propanil up-regulate a number of stress proteins (Pereira et al.,
2010), as do Drosophila melanogaster (Meigen) when exposed to
the pesticide endosulfan (Sharma et al., 2011). Such proteins may
inﬂuence arbovirus replication in mosquitoes. For example, pro-
teins involved in the Toll (Xi et al., 2008; Ramirez andDimopoulos,
2010) and JAK–STAT (Souza-Neto et al., 2009) pathways inﬂuence
the development of dengue virus infection in A. aegypti mosqui-
toes. However, the exact mode of action remains to be determined
and reﬁned.
In conclusion, we have demonstrated that some brands of cof-
fee extracts have both mosquito larvicidal and anti-LACV activity,
andwe have further shown that replication of LACV can bemodu-
lated in adult mosquitoes by exposing the larvae to coffee extracts.
Our results are at least a proof of concept, and we did not iden-
tify the actual active agent(s) responsible for our observed effects.
However, this represents a potential new way to interfere with
arbovirus transmission at two steps in the virus’s life cycle, namely
by decreasing the number of vectors and by reducing or block-
ing the replication of the virus in vector mosquitoes exposed to
the virus. The large number of antiviral plant-derived compounds
deserves further study to develop this mechanism into an effective
arbovirus-control strategy.
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